In our search for new fusicoccins of unique diterpene glucosides from Phomopsis amygdali, we found that a fragrant substance was formed in the early stage of fusicoccin fermentation. This fragrant constituent was isolated and identiˆed as (＋)-menthol, which is a novel fungal metabolite as the enantiomer of well-known peppermint (-)-menthol. (＋)-7-Hydroxymenthol and new (＋)-(6S )-hydroxymenthol were also isolated and identied as fungal metabolites. In addition, p-menthanetriol, which has been reported as theˆrst fungal monoterpene from the fungus, was also isolated. The possible biosynthetic relationship of these metabolites is discussed.
Simple monoterpenes exist as only a few compounds in fungal metabolites, whereas many sesquiterpenes and diterpenes from fungi have been isolated and investigated in detail as mycotoxins, phytotoxins and phytohormones. 1, 2) There is some doubt as to whether these are true fungal metabolites or are taken up from the host, because most fungal monoterpenes have been detected from among the volatile components of a certain host.
2) Fungal Phomopsis ( Fusicoccum) amygdali is known to produce fusicoccins, which are diterpene glucosides having potent phytohormone-like activity. p-Menthanetriol (4, Fig. 1) 3) has been isolated from the fungus, as a novel monoterpene by Italian workers. Its relative stereochemistry has been elucidated, but its absolute conˆguration has not previously been determined. In our current eŠort to isolate new fusicoccins from the fungus, it was found that P. amygdali F6a 4) (the Italian strain) produced fusicoccin J together with new 16-O-demethylfusicoccin J, and that P. amygdali Niigata 2 5) (the Japanese strain) produced 3?-deacetylfusicoccin A together with new 3-epifusicoccins. 6) We also isolated (+)-menthol (1) as a novel fungal metabolite from the cultureˆltrate of the Niigata 2 strain, and its related metabolites, (+)-(1R,3S,4R,6S )-6-hydroxymenthol (3) as a new compound and (+)-(1S,3S,4R)-7-hydroxymenthol (2), and known 4 from a cultureˆltrate of the F6a strain (Fig. 1) . We report in this paper the isolation and identiˆcation of 1 and its related compounds, 2, 3 and 4, from P. amygdali, and discuss the possible biosynthetic relationships of these metabolites.
Materials and Methods
General procedures. Optical rotation values were measured by a Horiba SEPA-300 digital polarimeter. GC data were determined by a Shimadzu GC-14B capillary GC instrument,ˆtted with Chirasil-DEX CB (25 m×0.25 mm I.D., 0.25 mmˆlm thickness, Chrompack Co.) for chiral analysis.
1 H-and 13 C-NMR spectra were recorded by a JEOL EX-400 spectrometer. MS data were recorded by an Agilent GC (6890N)-MS (5973N) system,ˆtted with HP-1 ms (25 m×0.25 mm I.D., 0.25 mmˆlm thickness, J&W Scientiˆc. Inc.). Flash chromatography employed Wako FC-40 silica gel, and Merck F254 No. 5554 silica gel TLC plates.
Extraction and isolation of (+)-menthol (1). Phomopsis amygdali Niigata 2 5) was reciprocally shake-cultured for 3 days at 259 C in 2,000-ml Sakaguchi ‰asks, each containing 1,500 ml of a medium consisting of 5.0z sugar (Shinmeito Co.), 0.7z soya ‰our (Nissin Cosmo Foods Co.), 0.5z KH2PO4 and 0.1z MgSO4 ・7H 2 O. The cultureˆltrate (ca. 15 liters) was adjusted to pH 9.0 with 5z aqueous Na 2 CO 3 and extracted with EtOAc. The EtOAc extract (920 mg) was separated by silica gel ‰ash chromatography, using a 30:1 CHCl3 W EtOH mixture as the eluent, to give a fraction emitting a fragrant odor. This fraction (55 mg) was further separated by a similar chromatographic procedure employing a 10:1 n-hexane W EtOAc mixture to aŠord a colorless semisolid (2.5 mg, 1) giving the characteristic ‰avor with a cooling sensation.
Extraction and isolation of the hydroxy derivatives (2 and 3) of (+)-menthol, and p-menthanetriol (4). Phomopsis ( Fusicoccum) amygdali F6a 4) was reciprocally shake-cultured for 4 days at 259 C in 500-ml Sakaguchi ‰asks, each containing 100 ml of an 8z sugar-0.5z peptone-1.0z corn steep liquor-0.5z NaCl medium. The cultureˆltrate (ca. 4 liters) obtained was adjusted to pH 9.0 with 5z aqueous Na2CO3 and extracted with EtOAc. The EtOAc extract (1.76 g) was separated by silica gel ‰ash chromatography, using stepwise elution with CHCl3 W EtOH mixtures, to give three fractions (fractions 1 and 2 were eluted with a mixture of 40:1 CHCl3 W EtOH, and fraction 3 with a mixture of 30:1 CHCl3 W EtOH). Fraction 2 (310 mg) containing fusicoccin A 4) was further separated by a similar chromatographic procedure, employing a mixture of 3:1 n-hexane W acetone as the eluent. The eluates were collected in test tubes (8 ml each), and colorless crystals (3.1 mg, 3) that formed in the eluate were collected from tube numbers 14-15. Fraction 3 (404 mg) containing fusicoccin J 4) was also separated by a similar chromatographic procedure, employing a mixture of 5:2 n-hexane W acetone as the eluent, to aŠord colorless crystals (4 mg, 4) from tube numbers 12-14 (24 ml total) and a solid (13 mg, 2) from tube numbers 15-26 (88 ml total). 13 C-NMR data are shown in Table 1 . 13 C-NMR data are shown in Table 1 . Chiral analysis of 1 by GC. 1 isolated from the fungus and authentic (")-menthol were analyzed by chiral capillary GC (1009 C for 2 min and 100-2009 C at 109 C W min; He carrier gas at 130 kPa) to give tR 19.14 and 19.27 min, respectively (A and B in Fig. 2 ). (Fig. 3) .* Its spectral data (capillary GC-MS and 1 H-NMR) were identical with those of 4. 4 and ent-4 were analyzed by chiral capillary GC (609 C for 2 min, 60-1159 C at 29 C W min, 1159 C for 20 min and 115-2009 C at 109 C W min; He carrier gas at 130 kPa) giving tR 51.33 and 51.09 min, respectively (C and D in Fig. 2 ).
Results and Discussion
To isolate new biosynthetic intermediates for fusicoccin J, we attempted the cultivation of P. amygdali Niigata 2 in a 2,000-ml Sakaguchi ‰ask containing 1,500 ml of a soya ‰our medium. The culture ‰ask smelt strongly of a fragrant odor 3 days after the inoculation. Usual cultures with a 500-ml Sakaguchi ‰ask containing 100 ml of the culture medium also emitted the same fragrant odor at the initial stage of the cultivation (one day after inoculation). This fragrant substance (1) Table 1) . Its H-H and C-H COSY data revealed that the structure of 1 was that of a p-menthan-3-ol. The coupling constants of 10 Hz for H-3 W H-4, 12 Hz for H-1 W H-2 and H-1 W H-6, and 2 Hz for H-2 W H-6 (long-range coupling) for 1 were in good agreement with those of authentic (")-menthol. The absolute structure of 1 was determined to be (+)-menthol ( Fig. 1) by the opposite optical rotation to that of the authentic (")-isomer and by the results of the GC analysis in a chiral capillary column (B in Fig. 2) . 1 was in a highly pure state without any of its enantiomer as (")-menthol (A in Fig. 2) . In contrast to this, it has been reported that a peppermint oil contained (")-menthol with a trace amount of (+)-menthol.
8) The intensity of the fragrance from 1 in an EtOH solution was lower than that of (")-menthol.
The EtOAc extract from the cultureˆltrate (ca. 4 liters) of the F6a strain was separated to give fusicoccins A and J, together with two unknown menthol derivatives (2 and 3). The fraction containing fusicoccin A was further separated to give 2 (13 mg), and the fraction containing fusicoccin J to give 3 (3 mg). In addition, the coupling constants between H-1 and H2ax, H-2ax and H-3, and H-3ax and H-4 in 2 were similar to those of 1, suggesting that structure of 2 was 7-hydroxymenthol. Since (")-7-hydroxymenthol has been isolated from one of the metabolites of (")-menthol in biotransformation by Aspergillus spp., 7) 13 C-NMR signals (Table 1 ) and speciˆc optical rotation values for 2 were compared with those of (")-7- (Fig. 1) , because it would be biosynthetically derivable from (+)-menthol in the fungus (Fig. 4) .
The additional metabolite, 4 (mp 83-859 C and [a]D "79 ), from the cultureˆltrate of F6a strain was separated together with 2 and 3. It was identiˆed by mp and spectral data to be p-menthanetriol which had already been assigned to the relative stereostructure of 4 (Fig. 1) . The possible biosynthetic relationship between 4 and 1 (Fig. 4) enables the absolute stereostructure of 4 to be assignable to the same 4b-isopropyl structure as that of 1. To determine the absolute structure of 4, we synthetically produced the enantiomer of 4 (ent-4) from commercially available (+)-limonene oxide (Fig. 3) . This was analyzed against 4 by GC in a chiral capillary column. Based on their clear separation (t R 51.33 and 51.09 min; D in Fig 2) , the absolute structure of 4 was determined as (")-(1S,2R,3S,4R)-p-menthane-1,2,3-triol (Fig. 1) . In this connection hydroxymenthane derivatives are very rare compounds in fungal metabolites. Only three hydroxy-p-menthanes have been reported, to the best of our knowledge, (")-(1R,2R,4R,8S )-pmenthane-2,8,9-triol and its 8-epimer having been isolated from Flammulina velutipes 9) and 4 from P. amygdali.
5) Menthanetriols from basidiomycetous F. velutipes were isolated as active substances in its stipe segment growth test.
The biosynthesis of (")-p-menthanetriol (4) has been investigated by Italian workers by using [ 3 H, 14 C] doubly labeled mevalonate. They have suggested that an a-terpinyl (4b-terpinen-8-yl) cation intermediate was formed by the cyclization of geranyl pyrophosphate, and generated menth-2-en-1-ol by a 1,3-hydride shift from C-3 to C-8 and then by double-bond isomerization from C-1 to C-2 (Fig. 4) . 10) Fungal (+)-menthol (1) has also been considered to be biosynthesized from the 4b-terpinen-8-yl cation by (i) a 1,3-hydride shift from C-3 to C-8, (ii) hydroxylation of the 4b-terpinen-3-yl cation at C-3, and (iii) hydrogenation at C-1, 2 (Fig. 4) , then being oxidized by the fungus to give 2 and 3. This possible biosynthetic pathway to the fungal (+)-menthol seems to be quite diŠerent from that of peppermint (")-menthol; the latter includes the cyclic hydrocarbon intermediate of (")-limonene with the 4b-isopropenyl group in the early step of biosynthesis, and the isopropenyl group isˆnally altered to the 4a-isopropyl one.
11)
The isolation and identiˆcation of (+)-menthol from P. amygdali Niigata 2 are playing an important role in our current eŠorts to characterize a gene encoding a fungal monoterpene synthase. We are investigating the biosynthetic pathways to fungal (+)-menthol (1) and (")-p-menthanetriol (4) in the fungus by a structural determination, including the absolute conˆgurations of their putative biosynthetic intermediates and incorporation experiments on the putative intermediates to 1 and 4.
